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Abstract

We have investigated the effect of dipolar interactions on the superspin blocking and freezing of
10 nm average size Fe3O4 magnetic nanoparticle ensembles. Our dynamic susceptibility data
reveals a two-regime behavior of the blocking temperature, TB, upon diluting a Fe3O4/hexane
magnetic nanoparticle fluid. As the nanoparticle volume ratio, , is reduced from an as-prepared
reference  = 1 to  = 1/96, the blocking temperature decreases from 46.1 K to 34.2 K, but
higher values reenter upon further diluting the magnetic fluid to  = 1/384 (where TB = 42.5 K).
We show that cooling below TB within the higher concentration range ( > 1/48) leads to the
collective freezing of the superspins in a spin-glass-like fashion, whereas individual superspin
blocking occurs in the presence of weaker dipolar interactions ( < 1/96). The unexpected
increase of the blocking temperature with the decrease of the interparticle interactions observed
at low nanoparticle concentrations is well described by the Mørup-Tronc (MT) model.
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Chapter 1: Magnetic Phenomena
Magnetic nanoparticle ensembles have been the subject of much research in the last
century. The current and potential applications in biomedicine and in emerging technologies
such as the development of high density magnetic storage media have garnered much of the
recent attention on these systems. Key to the functionality and applicability are the
microstructure and mechanisms that make them exhibit unique properties and behave differently
from their bulk counterparts. Each nanoparticle below a critical size becomes a single magnetic
domain, as opposed to the multiple domain bulk material. A complete description of how single
magnetic domain systems behave between the regions of a non-interacting system and strongly
interacting system is not yet fully established. While non-interacting systems behave as
superparamagnets and highly dense systems behave as superspin-glasses, what phenomena occur
between these extremes remains a topic of continuing research and discussion.

1.1

Application of Magnetic Domains

Over the past two decades, much work has been devoted to investigations of these single
domain magnetic nanoparticles, as these systems have current and potential applications in
emerging technologies in important areas such as next-generation high-density magnetic
recording [1], magnetic refrigeration [2], and biomedicine (magnetic nanoparticle hyperthermia,
e.g.) [3-5]. For many of these applications, understanding the effect of the interparticle dipolar
interactions on the macroscopic magnetic behavior of the ensemble is of critical importance. For
example, strong dipolar interactions have been reported to lead to collective phenomena [6-13],
and this would clearly affect the functionality of high-density magnetic recording devices where
each superspin is used as a recording bit that needs to be able to individually respond during the
recording process. Elucidating the effects of interparticle dipolar interactions on nanoparticle
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response behavior is then of paramount importance in advancing the quantitative description of
these effects.

1.2

Models of Interacting Systems

Due to the similarity of their basic ac-susceptibility signature — a peak in the χ” vs. T
dependence — distinguishing between superparamagnetic blocking [14,15] and collective spinglass-like freezing (of either surface spins [16,17] or the superspins [18,19]) is often not
straightforward. Models based on the differing strength of interparticle interaction allow for fits
to the ac-susceptibility data to determine the type of nanoparticle behavior is most prevalent in
nanoparticle ensembles.

1.2.1 Non-Interacting Systems

For an ensemble of non-interacting (ideal) magnetic nanoparticles, the individual
superspin dynamics are explained by the Néel-Brown activation law:
 EB
 k BT


 (T )   0 exp 






(1)

which describes the temperature dependence of the system’s relaxation time , (the time it takes
each nanoparticle’s magnetic moment to flip across an anisotropy energy barrier EB). Here, 0 is
the inverse attempt frequency, kB is Boltzmann’s constant, and T is the temperature. The energy
barrier to magnetization reversal has been empirically defined as 𝐸𝐵 (𝜃) = 𝐾𝑉 sin2 𝜃, where K is
the magnetic anisotropy constant, V is the particle volume, and  is the angle between the
magnetization vector and the direction of an easy magnetization axis; for uniaxial particles the
energy becomes 𝐸𝐵 = 𝐾𝑉. If one carries out an ac-magnetic susceptibility measurement on such
2

a system, the observation time obs is proportional to the inverse of the measurement frequency,
obs = 1/2fobs. If dc-magnetization measurements are performed, obs is typically considered to
be on the order of ~1s. The temperature at which the observation time equals the ensemble’s
relaxation time (i.e. obs = ) is then defined as the blocking temperature TB. For a non-interacting
nanoparticle system TB is expressed as:
TB 

EB
k B ln(  0 )

(2)

Above TB, the nanoparticles’ magnetic moments fluctuate rapidly, and the ensemble
behaves similarly to a paramagnet. Below TB, however, the thermal energy is insufficient to
exceed EB, and the superspins are “blocked” along an easy magnetization axis. Due to this
blocking behavior, the (super)paramagnetic magnetization and associated magnetic susceptibility
reach a maximum at TB and decrease upon further cooling [20,21]. In practice, however,
interactions between the magnetic nanoparticles are always present, and, depending on their
strength, can have different effects on the relaxation and blocking of the superspins. This
phenomenon in turn gives rise to the previously mentioned collective spin-glass-like behavior for
sufficiently strong interactions.

1.2.2 Strongly Interacting Systems

With increasing particle concentration, the effects of strong dipolar interactions
eventually lead to qualitatively different magnetic behaviors, where, upon cooling below a
critical temperature, the superspins freeze in a spin-like-glass fashion rather that individually
blocking [22-24]. This has been confirmed by several recent studies and explained on the basis
of the conventional dynamic scaling theory which holds that the relaxation time  of a system
3

diverges as a power law with the correlation length , such that =0z. Here 0 is the
characteristic time related to the attempt frequency, o=1/2fo, and z is a dynamic scaling
exponent. In addition, according to the static scaling hypothesis, a temperature-dependent
correlation length is then defined as =[(T/Tg)-1]v , where Tg is the critical spin-glass freezing
temperature and  is a critical exponent. Eventually, one finds:
T

   0   1
 Tg


 z

(3).

where  is related to the observation frequency f by =1/2f. In such nanoparticle ensembles
(where superspin freezing due to strong interparticle interactions occurs upon cooling) the
blocking temperature has been found to increase with the increase of the interaction strength,
which, in most experiments, is controlled by varying the interparticle distance.
It is important to note that TB and Tg are fundamentally different parameters related to the
measurement time of the ensemble (TB) and a characteristic temperature (Tg) below which spinglass freezing effects can be observed.

1.3

Quantifying Behaviors of Interacting Systems

1.3.1 Weakly Interacting Systems
For weaker dipolar interactions, magnetic nanoparticle ensembles exhibit the same
individual superspin blocking behavior as their ideal, non-interacting counterparts, but
calculating the superparamagnetic relaxation times in real systems even for weakly interacting
particles is an extremely complex task, and only models based on approximations are available.
4

One such model was proposed by Shtrikman and Wohlfarth (SW) and centers on a VogelFulcher activation law:

EB
 k B (T  T0


 (T )   0 exp 



) 

(4)

where T0 describes the strength of the interactions [25]. Another model was proposed by
Dormann, Bessais and Fiorani (DBF) who calculated the interaction energy Eint and added it to
the energy barrier in the expression of the magnetic relaxation time:

 Eint  EB 

 k BT 

 (T )   0 exp 

(5)

Both the SW and the DBF models predict an increase of the relaxation time,  (and
corresponding blocking temperature TB) with the increase of the interparticle interaction
strength.

1.3.1 The Mørup-Tronc Model for Increasing Interaction Strength

A third model was proposed by Mørup and Tronc (MT) for very weak interactions, i.e.
𝜇〈𝐵𝑖 〉/2𝐾𝑉 << 1, where  is the magnetic moment of the nanoparticle and Bi is the average
dipolar field at particle i [26]. Interestingly, the MT model predicts that both  and TB decrease
as the strength of the dipolar interactions increases. The blocking temperature is given by:

TB 

KV 
2
1  hav
k BC 

4

 C  1
3
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(6)

2
where ℎ𝑎𝑣
= 𝜇 2 〈𝐵𝑖2 〉/(2𝐾𝑉)2 and C is a constant related to the measurement/observation time

by C = ln(obs/0). Using the expression of the average dipolar field at particle i in an ensemble of
magnetic nanoparticles [26], one finds that the reduction of TB occurs as hav strengthens upon the
decrease of the interparticle distance, according to:

2
hav


02 M 4 6
1152 K 2

a

6
ij

(7)

j

Here, M is the saturation magnetization,  is a measure of the interparticle distance that depends
on the nanoparticle volume ratio according to the relationship dij = aijD (where D is the average
diameter of the nanoparticles); the summation over all particles, Σaij-6 , is independent of both the
particle size and concentration and ranges is of the order of 10-20.
The volume ratio, , is defined as the particle volume over the total volume. This leads
to the relationship Φ1/3 ∝ 𝐷/𝑑 where d is defined above. This leads to the relationship between

 and :
𝜀=

𝑑𝑖𝑗
𝐷

= Φ−1/3 ⇒ 𝜀 −6 ∝ Φ2

(8)

In conjunction with Eqn. (6), the blocking temperature is then predicted to decrease with an
increasing nanoparticle volume ratio.
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1.3.2 Application of the MT Model to Nanoparticle Data

To date, most experimental studies based on dc-magnetization and ac-susceptibility
methods show an increase of the blocking temperature with the strength of the interactions, in
accordance with the SW and DBF models. However, there is one Mössbauer spectroscopy study
carried out on two samples of different interparticle distances that confirms the MT prediction
[27]. Recent Monte Carlo calculations predicted a non-monotonic behavior of the blocking
temperature in Fe2O3 nanoparticle ensembles that includes two regimes separated by a critical
concentration [28]. In addition, there are significant observed differences between the magnitude
of the effect of dipolar interactions on TB reported by different studies [10, 29-32].
Consequently, more investigation is needed to further clarify how the average distance between
magnetic nanoparticles (and the corresponding interparticle dipolar interactions) influence the
superspin dynamics and blocking behavior of these systems.
Here, we report ac magnetic susceptibility measurements carried out on Fe3O4/hexane
magnetic fluids of nine different nanoparticle volume ratios, , ranging from  = 1 (an asprepared reference) to  = 1/384. For each , we recorded the temperature dependence of the
out-of-phase susceptibility ” within the 5 K – 80 K range at five different frequencies between
100 and 10000 Hz. Our data reveal two distinct regimes in terms of the relaxation time  /
blocking temperature TB behavior upon dilution. First, we find that TB monotonically decreases
from 46.1 K to 34.2 K as  is reduced from 1 to 1/96. Most of this range is associated with
strong inter-particle interactions, where the ensemble of superspins freezes collectively in a spinglass-like-fashion below a temperature threshold. Interestingly, further diluting the system ( <
1/96) leads to the opposite effect, where TB increases with the decrease of , reaching TB = 42.5
7

K at  = 1/384. We find this behavior of TB in the weak-dipolar-interaction-regime to be
excellently described by the MT model.
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Chapter 2: Experimental Methods

2.1

Sample Preparation

All measurements were collected on ensembles of Fe3O4 nanoparticles immersed in
hexane, at temperatures below the freezing point of the carrier fluid. The crystal structure and
purity of the Fe3O4 nanopowder were confirmed by laboratory x-ray diffraction analysis carried
out on a Siemens D5000 diffractometer ( λ = 1.5406 Å ). The sample was loaded in a flat-plate
holder and diffraction patterns were collected in the reflectivity geometry for d-spacing values
between 1.5 Å and 3.5 Å (equivalent to the 20˚ - 60˚ detector angle 2θ range). The data
collection time for each diffraction pattern was approximately 60 min. The process was repeated
several times to ensure the reproducibility of the results. No significant difference was observed
between the experimental runs. These data sets were then analyzed using a full-profile (Le Bial)
fit [33] to the data. Using the full-width at half-maximum of the diffraction patter, the average
size of the nanoparticle ensembles can then be calculated from Scherrer analysis ([22]) where the
average diameter is given by:

〈𝐷〉 =

𝐾𝜆
𝛽𝐹𝑊𝐻𝑀 cos 𝜃𝑝𝑒𝑎𝑘

We performed the analysis with Scherrer’s constant set to unity, K = 1, and θpeak set to the
angle of the peak reflection as determined from the Le Bial analysis. The average particle size
was then calculated to be 〈𝐷〉 = 10 nm.
The initial ferrofluid sample (nanoparticle reference volume ratio  = 1) was
subsequently diluted to  values of 1/3, 1/12, 1/24, 1/48, 1/96, 1/192, 1/240, 1/384. Each
subsequent measurement was then carried out on the same initial sample following identical
dilution protocols.
9

2.2

Measurement Techniques

All magnetization measurements were then carried out on a Quantum Design® Physical
Property Measurement System (PPMS). Approximately 5 mL of the ferrofluid was injected into
a polycarbonate capsule for loading in the sample rod. The sample was then lowered into the
cryostat of the PPMS. A visualization of the inter-chamber configuration of the PPMS is
presented at the end of the chapter for reference.
Dc-magnetization measurements are conducted by lowering the sample into the coil
assembly and applying a direct current. The constant magnetic field produced as a result of the
dc current is then used in correlation with perturbations in the magnetic induction due to the
interaction of the field (M  χmB) and the nanoparticles. The induced voltage is then measured
and the magnetization is then recorded as a function of temperature. Measurements are typically
conducted at a low |H| field (< 100 Oe).
In zero-field-cooled measurements, the sample is cooled from its initial temperature to
the starting measurement temperature. The PPMS motor system then raises and lowers the coil
assembly to induce the current that is then measured. The magnetization is recorded in the
presence of the constant field with increasing temperature. For field-cooled measurements, the
sample is cooled under the constant field and then magnetization is measured using an identical
protocol.
Ac-susceptibility measurements are conducted by again lowering the sample into the coil
assembly and cooling. A high-frequency ac current is then applied as both the coil assembly and
sample probe remain stationary. The high-frequency alternating magnetic field in turn causes a
current response from the nanoparticle assembly. The delay in the nanoparticle response
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corresponds to a phase shift composed of two components. The in-phase (real) and out-of-phase
(imaginary) components are measured as a function of temperature for a constant frequency.
These measurements are typically carried out a low field amplitude |H| ≤ 100 Oe.
Dc-magnetization measurements were first performed on the undiluted sample. A zerofield-cooled field-cooled (FC-ZFC) dc-magnetization measurement protocol was performed and
data were recorded upon heating the magnetic nanoparticle system from 5 to 140 K in a constant
50 Oe external magnetic field.
Frequency-resolved ac-susceptibility measurements were then performed on each sample
from data  = 1 to  = 1/384 upon heating from 5 to 80 K. The amplitude of the oscillating
magnetic field was 5 Oe and the frequencies used were 100 Hz, 300 Hz, 1000 Hz, 3000 Hz, and
10000 Hz. Identical measurement protocols were repeated for each dilution and each set of
measurements were performed on the sample encased in a clean polycarbonate capsule.

11

Chapter 3: Results and Discussions

3.1

Observed Spin-Glass and Superparamagnetic Behavior
Figure 1 shows the temperature dependence of the dc-magnetization, M vs. T, recorded on

the ( = 1/3) Fe3O4 nanoparticle ensemble upon heating from 4 K to 140 K under an externally
applied magnetic field of 50 Oe. The solid symbols represent the zero-field-cooled (ZFC) M vs.
T curve measured after cooling down from room temperature in the absence of any external
field, whereas the empty symbols show its field-cooled (FC) M vs. T counterpart collected after
cooling in the presence of the 50 Oe field. The FC and ZFC magnetization branches overlap in
the superparamagnetic regime, where M decreases with increasing T as a Langevin function
[34], but split below a critical temperature that marks the onset of irreversibility. While such a
behavior is most often regarded as being due to individual superspin blocking [35], there are
several other phenomena that have this signature [36-38]. Among them is the collective freezing
of the superspins in a spin-glass-like fashion that occurs in magnetic nanoparticle ensembles
where dipolar interparticle interactions are strong [39]. To clarify the nature of the microscopic
dynamics that leads to the ZFC-FC behavior shown in Figure 1, we carried out frequency
resolved ac-susceptibility measurements that can distinguish between individual superspin
blocking and collective superspin freezing. These results are shown Figure 2 (a). Data were
collected on the same ( = 1/3) Fe3O4 nanoparticle ensemble by measuring the temperature
dependence of the out-of-phase component of the ac-susceptibility ” within the 4 K-80 K range
at five different frequencies: 10 Hz, 100 Hz, 1000 Hz, 3000 Hz, and 10000 Hz. At all
frequencies, the solid lines are best fits to polynomial functions that allow the temperatures at
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which the ” vs. T curves peak to be determined. Expectedly, the peaks shift toward higher
temperatures as the measurement frequency is increased. This is shown by the solid symbols in
Figure 2 (b), where the ac-susceptibility peak temperature is presented as a function of the
observation time  (which is related to the measurement frequency by =1/2f). The observed
behavior is well described by the dynamic scaling law commonly used to characterize canonic
spin glasses. Indeed, the solid line in Figure 2 (b) is a best fit of Eq. (3) to the  vs. T data; the fit
yields a freezing temperature Tg = 38.5 K, a critical exponent z=8.45 and time constant
=6.0910-7 s. It is important to mention that attempts to fit the data to a Vogel-Fulcher law
(Eqn. (4)) have also been successful, but yielded an unphysically large interaction parameter T0 =
25 K.
We then collected frequency-resolved ac-susceptibility data - like the ones presented in
Figure 2 (a) - and carried out similar analyses of the critical temperature shift with the
observation time for samples of other nanoparticle volume ratio values:  = 1, 1/12, 1/24, 1/48,
1/96, 1/192, 1/240, 1/384. We found that the dynamic scaling law associated with collective
superspin freezing describes the cooling-induced dynamic magnetic behavior of the samples with
large  values, (1/48 <  < 1), whereas the superspins in the more diluted samples (1/384 <  <
1/96) block individually upon cooling and their dynamic behavior is described by a VogelFulcher type activation law. This is not unexpected, as large nanoparticle volume ratios (i.e. short
interparticle distances) result in strong interparticle dipolar interactions that have been previously
observed to lead to superspin glass freezing [22-24,39].
Figure 3 (a) shows the temperature dependence of the imaginary ac susceptibility measured
at a frequency of 10,000 Hz between 20 K and 60 K on Fe3O4 magnetic nanoparticle ensembles
of volume ratios:  = 1, 1/3, 1/12, 1/24, 1/48, 1/96, 1/192, 1/240, and 1/384. We observe that the
13

” vs. T peak temperatures TB shift towards lower values with the decrease of the nanoparticle
volume ratio (thus with the weakening of the interparticle interactions) for  values between 1
and 1/48. As indicated above, nanoparticle ensembles within this  range undergo transitions
from superparamagnetic to a superspin glass state upon cooling below TB.

3.2

Reentrant Increase in TB

Interestingly, a very different behavior is observed in weakly interacting samples obtained
upon further dilution. Indeed, for nanoparticle ensembles with  values between 1/96 and 1/348,
the ac-susceptibility peak temperature exhibits a reentrant increase with the decrease of  (i.e.
upon the decrease of the interparticle interactions). This behavior has only been reported once by
Mørup and Tronc, who studied the effect of the interparticle interactions on the dynamic
relaxation behavior of γ-Fe2O3 nanoparticle ensembles [20]. Using Mossbauer spectroscopy, they
found that the relaxation times decrease with decreasing particle interactions (or, equivalently,
the blocking temperature increases with the decrease of interparticle interactions); Mørup and
Tronc proposed a new model (MT model) that describes the effect interparticle interactions on
the superparamagnetic relaxation of weakly interacting particles and explains the observed
behavior. Interestingly, there has been no further confirmation of the MT model by dcmagnetization / ac magnetic susceptibility measurements. All such studies have so far reported
the opposite behavior: a decrease of TB with decreasing interparticle interactions. As shown in
Figure 3 (b), our dynamic susceptibility data demonstrates that both behaviors can in fact be
present in the same system. TB initially decreases with the decrease of the nanoparticle volume
ratio for  within the 1/48 <  < 1 range, where the magnetic nanoparticles exhibit a transition
14

to a collective super-spin glass (SSG) state upon cooling in the presence of strong dipolar
interactions. By further diluting the sample, however, TB increases with decreasing  within a
second regime, 1/384 <  < 1/96, where the weakly interacting superspins block individually
upon cooling in a common superparamagnetic (SPM) transition.
The variation of TB with the nanoparticle volume ratio  we have observed for diluted
samples (weak dipolar interactions) is in agreement with the MT model prediction: a decrease of
the relaxation times, thus an increase of the blocking temperature with the decrease of the dipolar
interaction strength. This is clearly shown by the solid symbols in Fig. 4 that represent the
measured TB vs. 2 dependence within the 1/384 <  < 1/96 range. To further confirm the
microscopic origin of our observations we attempted linear fits to the TB vs. 2 data. The MT
model predicts such a behavior. Indeed, if all parameters in Eq. (6) related to the Fe3O4
nanoparticle ensemble, i.e. the barrier to magnetization reversal KV, measurement time m,
average diameter D are fixed to -independent values, the increase of TB upon dilution is due to
the dependence of  on the nanoparticle volume ratio via -6 = (/V)2 (see Eqn. (8) for
reference); this yields a linear decrease of the blocking temperature with the square of the
nanoparticle volume ratio. The solid line in Figure 4 shows such a linear fit within the 1/384 < 
< 1/96 range. Although this analysis describes the increase of TB with the decrease of
interparticle interactions (predicted by the MT model), the fit has a rather large 2 residual.
However, narrowing the  range to 1/384 <  < 1/192 (i.e. within weakest interparticle
interaction regime) yields a linear fit (dashed line) with a much improved (by one order of
magnitude) residual. This is particularly significant, as the MT model is supposed to provide a
more accurate description of the system’s magnetic behavior for very weak interactions.

15

3.3

Discussion of the Mørup-Tronc Model in Weakly Interacting Systems
The blocking temperatures used in the above analysis were determined from the peaks of the

” vs. T curves collected at a given frequency of the driving field (10 kHz) for different values of
. For each of the four dilutions in the weak interaction regime we have also recorded the
temperature dependence of the out of phase magnetic susceptibility at five frequencies. The ”
vs. T data collected at frequencies of 100 Hz, 1000 Hz, 3000 Hz, and 10000 Hz on the  = 1/384
sample are shown in Figure 5 (a); the solid lines are best fits to polynomial functions that allow a
precise determination of the ” peak temperature at each frequency. We collected similar data
and performed similar analyses on the other three weakly interacting samples (nanoparticle
volume ratios  = 1/96, 1/192, 1/240). We then used activation laws to fit the observed
dependence of the blocking temperatures (TB) on the frequency (f) / observation time (). These
results are presented in Figure 5(b). The solid circles show the measured blocking temperatures
at different observation times (TB vs. ) for the  = 1/384 sample, whereas the inverted triangles,
filled squares, and upright triangles show the TB vs.  data for the  = 1/240, 1/192, and 1/96
samples, respectively. In all four cases, the solid lines are best fits of Eqn. 4, where both the
interparticle-interaction-strength parameter, T0, and the energy barrier to magnetization reversal
EB were allowed to vary as independent parameters. This approach is different from both the
DBF model (where the energy barrier is varied but the interaction parameter is kept to T0 = 0),
and the SW model (where T0 is varied but the barrier is kept fixed at EB = KV). The values of the
best fit parameters for the four samples are shown in the inset to Figure 5 (b). They indicate that
T0 decreases with the decrease of  (decrease of dipolar interparticle interactions) as expected,
but the energy barrier EB unexpectedly increases with the decrease of interparticle interactions.
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This analysis shows that activation type laws provide an accurate quantitative description of the
frequency dependence of the blocking behavior of weakly interacting Fe3O4 magnetic
nanoparticle ensembles (volume ratios 1/384 <  < 1/96) if both To and EB are allowed to vary
as independent parameters. Yet, while the interaction strength parameter values yielded by the
fits is consistent with the ensemble’s dilution level, , the energy barrier to magnetization
reversal exhibits an unexpected dependence on . On the other hand, the MT model accurately
describes the observed TB vs. 2 behavior without any additional variable parameters. Moreover,
the MT prediction only holds for weakly interacting nanoparticle ensembles, which is exactly
where we observed the increase of the blocking temperature upon dilution. In conclusion, our
data provides further experimental confirmation of the MT model validity, the first from acmagnetic susceptibility measurements.
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Chapter 4: Conclusions

We studied the superspin dynamics in 10 nm average size Fe3O4 magnetic nanoparticle
ensembles. We found that the strength of the interparticle dipolar interactions (controlled by
varying the nanoparticle volume ratio, ) has a strong effect on the system’s blocking behavior.
For strong interactions ( > 1/48), the superparamagnetic ensemble undergoes a transition to a
spin-glass-like state, i.e. the superspins freeze collectively upon cooling below a certain
temperature threshold. This behavior is confirmed by fits to a dynamic scaling law known as a
signature of spin glass freezing. In this regime, the temperature below which the superspins cease
to rapidly reorient within the particle decreases as the nanoparticle volume ratio (interparticle
interaction strength) is reduced. At low  values (< 1/96), i.e. for weak dipolar interactions, we
observed a markedly different behavior: first, cooling each of these samples below a temperature
TB leads to the individual blocking of the superspins; second, an unexpected reentrant behavior
of higher blocking temperatures occurs, where TB increases back upon decreasing the
nanoparticle volume ratio (and consequently the interparticle interaction strength).
Our analysis of ac-susceptibility in this weakly-interacting regime also reveals a
surprising dependence of the energy barrier to magnetization reversal on the ensemble’s dilution
ratio. Decreasing the interaction parameter with decreasing 

has led to the surprising

observation of a dependence of the energy barrier on the ensemble’s volume ratio. Additional
work is needed to further elucidate the dynamic relationship between the energy barrier,
interaction parameter, and , however, it remains clear that a reentrant blocking behavior of TB
does occur above a particle concentration threshold. The TB vs 2 dependence within this weak-
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interaction regime is very well described by the Mørup-Tronc (MT) model, making our results
the first independent confirmation of this theory.
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Figure 1

Temperature dependence of the dc-magnetization, M vs. T, collected upon

heating an ensemble of Fe3O4 nanoparticles of volume ratio  = 1/3 in an external magnetic field
of 50 Oe using the field-cooled (FC) – zero field cooled (ZFC) protocol.
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Figure 2 (a)

Temperature dependence of the out of phase magnetic susceptibility ” vs. T

collected at five different frequencies 10 Hz, 100 Hz, 1000 Hz, 3000 Hz and 10000 Hz on a
dense ( = 1/3) sample. The solid lines are best fits to polynomial functions that allow the
susceptibility peak temperature to be determined for each measurement frequency.
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Figure 2 (b)

Frequency / observation time dependence of the susceptibility peak on the

reduced temperature (filled symbols) determined from the ” vs. T data in Figure 2 (a). The solid
line is a best fit of  = o[(T/Tg)-1]-z to the data that allows the determination of the superspin
freezing temperature Tg.
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Figure 3 (a)

Temperature dependence of the out-of-phase susceptibility ” vs. T collected at a

frequency f = 10000 Hz on Fe3O4 nanoparticle ensembles of different volume ratios:  = 1, 1/3,
1/12, 1/24, 1/48, 1/96, 1/192, 1/240, 1/384.
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Figure 3 (b) Blocking / critical temperature TB variation with the volume ratio . In the strong
interaction regime (1/48 <  < 1) TB decreases with the decrease of ; in the presence of weaker
interactions (1/96 <  < 1/384) the opposite behavior is observed, i.e. higher TB values
progressively reenter as  decreases.
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Figure 4

Observed blocking temperature dependence on the nanoparticle volume ratio: TB

vs. 2 (solid symbols). The solid and dashed lines are linear fits to the Mørup-Tronc (MT) model
within the (1/96 <  < 1/384) and the (1/192 <  < 1/384) range, respectively.
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Figure 5 (a)

Temperature dependence of the out of phase magnetic susceptibility ” vs. T

collected at five different frequencies 10 Hz, 100 Hz, 1000 Hz, 3000 Hz and 10000 Hz on a
dilute ( = 1/384) sample . The solid lines are best fits to polynomial functions that allow the
susceptibility peak temperature to be determined for each measurement frequency.
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Figure 5 (b)

Frequency / observation time dependence of the susceptibility peak reduced

temperature obtained from frequency-resolved ac-susceptibility data collected on weaklyinteracting nanoparticle ensembles  = 1/96, 1/192, 1/240, 1/384.
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